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Abstract 
Systematic investigations into thin-walled circular tubes with Aluminium foam sandwiched under quasi-static lateral 
crushing were conducted in this paper. A total of 30 sandwich tubes of different diameter to thickness ratios were 
crushed under MTS machine. Two bonding cases between tubes and foam core, i.e., fully glued and packed cases, 
were considered. The progressive collapse history and load-displacement curves were captured. Three different 
crushing patterns were observed and classified with respect to the geometric features. Numerical simulations of the 
related experiments were also performed using ABAQUS/Explicit to explore the crush behavior and energy 
absorption characteristics. The progressive collapse events were successfully simulated and the corresponding 
numerical results were then compared with the actual experimental data. The numerical results were found to show 
agreements with those of experiments. Furthermore, both results demonstrated that sandwich tube enhanced both 
crush strength and energy absorption capability compared with the sum of each component, which was more weight-
effective than empty tube. It showed that bonding between tubes and foam core for sandwich tubes played a different 
role for different crushing patterns as well.  
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
Recently, much more effective and efficient protective structures against impact and blast loadings are 
required to protect people or vital equipment inside, due to enhanced chance of terroristic attacks and 
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accidents. Energy absorbers are widely used in protective fields. On one hand, thin-walled metal tubes are 
common energy absorption components since they are relatively cheap, versatile and efficient (Lu and Yu 
2003). The use of circular tubes in energy absorbing systems has attracted a considerable amount of 
attention, and studied by many researchers (Ezra and Fay 1972; Yu 1986). Axial and lateral compressions 
of such structures are widely utilized in engineering. The load-deformation curves especially under lateral 
crushing are desirable for energy absorption.  
On the other hand, metallic foams are one type of novel materials with the advantage of being light 
weight, high stiffness and strength, recyclable, non-flammable, strain-rate effect insensitive. They have 
the most attractive capability of energy absorption with high thermal stability; hence they are very 
suitable as core materials for protective structures (Gibson and Ashby 1997; Ashby et al. 2000; 
Krauthammer 2008). So far, much attention has been paid to their mechanical properties and design 
(Ruan et al. 2007). With this promising new material, researchers studied the axial crushing behavior of 
sandwich tube with metal foam filled-in and found that the combination of the two components increases 
the energy absorption capacity of the whole structure, although they were not weight-effective over that 
of the empty tube (Reddy and Wall 1988).  
The lateral crushing of solid tubes has been well investigated by many researchers (Deruntz and Hodge 
1963; Reddy and Reid 1979). All experimental investigations showed that the crushing process of those 
tubes was maintained by forming plastic hinges. Because the massive plastic deformation only occurred 
in a localized portion of tubes, it is not structurally efficient to dissipate kinetic energy in this way. Thus 
sandwich tubes structures may be an alterative way to improve the structural efficiency. The lateral 
crushing of aluminium foam filled tubes was first studied (Hall et al. 2002). Considerable advantage 
persisted in foam-filling under transverse loads, improving both crush strength and Specific Energy 
Absorption (SEA). However, the behaviour of sandwich tubes under lateral compression has been less 
reported in current literature so far.  
Therefore, desirable experiments were conducted to investigate the lateral crushing behavior of sandwich 
tubes. 30 sandwich tubes with different diameter to thickness ratios were laterally compressed under MTS 
machine with a constant crosshead speed. Two bonding cases among foam core and solid tubes, i.e. fully 
glued and packed cases, were considered for the whole geometric configurations. In an attempt to validate 
the experimental results, corresponding numerical solutions are necessary by virtue of FE explicit 
package: ABAQUS/Explicit. The progressive collapse history and associated load-displacement curves of 
all specimens were obtained and compared with the experiments. Different crushing patterns were 
revealed and classified.  
2. MATERIAL AND TESTING 
2.1.  Specimens and Experiment Setup  
A photography of all tubes with metallic foam sandwiched is illustrated in Figure 1a. All the geometric 
parameters of the specimens are listed in Table 1. All the specimens are of the same length, 50mm. Solid 
aluminium tubes were cut from commercial extrusions of AA6060T5 with yield stress of 150MPa. The 
foam cores with relative density of 8% were ALPORAS®. The uniaxial compression tests of cylindrical 
foam specimen were performed to obtain the material properties of foam, as shown in Figure 1b. 
Two bonding cases among foam core and solid tubes, i.e. fully glued and packed, were also considered. 
Thixotropic epoxy liquid glue (FORTIS AD825) was used to adhesive the solid tubes together with the 
foam core for fully glued case. Half of the specimens (marked as ‘G’) were glued and the others (marked 
as ‘P’) were just packing two solid tubes and foam core. 
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Figure 1: (a) Photograph of the specimens; (b) Material properties of ALPORAS® foam; (c) Experimental setup 
Table 1: Specimens list for all the sandwich tubes  
No.
Do
(mm)
To
(mm)
Di
(mm)
Ti
(mm)
Crush 
pattern
No.
Do
(mm)
To
(mm)
Di
(mm)
Ti
(mm)
Crush 
pattern
P01, G01 49.80 1.58 31.40 1.54 ɜ P09, G09 100.10 1.54 49.20 2.01 ɛ
P02, G02 59.20 1.99 39.80 1.51 I P10, G10 150.20 3.28 127.10 2.69 I 
P03, G03 99.20 1.89 79.40 1.94 I P11, G11 149.80 3.32 98.40 1.98 ɛ
P04, G04 124.80 2.76 99.60 1.88 I P12, G12 151.10 3.35 79.80 1.88 ɛ
P05, G05 99.10 1.87 49.20 1.51 ɛ P13, G13 100.10 1.99 59.30 1.90 ɛ
P06, G06 97.80 1.88 48.80 1.96 ɛ P14, G14 97.80 1.88 48.80 1.96 ɛ
P07, G07 98.70 1.93 48.90 2.86 ɜ P15, G15 99.10 1.96 31.30 1.52 ɜ
P08, G08 99.50 2.86 49.10 1.99 ɛ       
Note: (Do , Di), (To , Ti) and (Lo, Li) are the diameters, thickness and length of outer and inner tubes, respectively. 
2.2. Experimental Procedure 
A universal MTS testing machine with capacity of 500kN was employed to carry out the lateral crushing 
tests. As shown in Figure 1c, a total of 30 sandwich tubes were laterally crushed individually with a fixed 
downward crosshead speed of 2mm/min. All the specimens were positioned centrally between 10mm 
thick steel plates in the testing machine. Each test ended after the inner surface of the sandwich tubes 
contacted. The relative load and displacement were recorded automatically through the inductive 
transducers of the MTS machine. The deformation processes of all tubes were recorded by a camera with 
an interval of 30 seconds. 
3. Finite Element Analysis (FEA) 
Commercial finite element code ABAQUS/Explicit was adopted to simulate the above tests. The top and 
bottom plates were both modeled as rigid bodies. The tubes were modeled using 4-node shell elements 
(S4R) with three-integration points through thickness. Second order accuracy was used since the shell 
element may undergo large bending and warping deformation. The aluminium foam core was modeled as 
an 8-node three dimensional solid element, C3D8R with element distortion control in case of severe mesh 
deformation.  
Crushable foam with volumetric hardening was selected for foam core. The advantage of the model is that 
it requires only one uniaxial compression test to calibrate, which is the true stress vs. logarithmic strain or 
true strain curve, as illustrated in Figure 1b, given by 
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where eV and eH were the engineering stress and strain respectively. Hereby the compression direction of 
strain was defined to be positive. The interactions among each component were using a contact surface 
with penalty friction forces. For glued cases, thin-walled tubes were adhesive together with foam core by 
tie constrain. Since the foam core would undergo extremely high local compression and distortion, 
internal contact analysis algorithm must be applied to prevent negative volume. The interaction type 
among foam and tubes was general contact. A downward displacement was gradually applied to the top 
plate vertically while the bottom plate was fixed. 
4. Results and Discussions  
After quasi-static tests and numerical simulations of sandwich tubes, the deformation behavior of 
sandwich tubes under lateral crushing are studied in detail. 
4.1. Deformation characteristics 
The compression F/L0-/D0 curves for some specimens are plotted in Figure 2. The deformation process 
appears to have three common phases, namely, elastic deformation phase, plastic collapse phase and 
densification/inner self-contact phase.  
As clearly illustrated in Figure 2, in the beginning, a linear relationship between the crush force and 
displacement was observed in the elastic deformation phase. The elastic deformation of the glued 
sandwich tube was smaller than those of simply packed ones. Then the force- displacement curves leveled 
off after the first phase and increased gradually in the plastic collapse phase. It was resulted from three 
factors, i.e. hardening of the aluminium material at plastic hinges, geometric change, and the hardening or 
densification of foam during crushing. The initial collapse forces of the glued cases were larger than those 
of the packed ones. Non-symmetric deformations were detected in specimens G07, P07, G15, P15, etc. 
Generally, glued cases were more inclined to deforming unevenly than others because of the extra 
interactions or constraints. Finally, the densification/inner self-contact phase started from the point where 
the foam core began to crush to densification strain or the top and bottom surfaces of the inner tube began 
to self contact. The phenomena resulted in a rapid increase in the reaction force between the two rigid 
plates.
To confirm the advantage of the sandwich tube than empty tube, roughly theoretical estimation was made. 
Based on elastic/perfectly plastic material assumption, the lateral crushing load P of a thin-walled empty 
tube under two flat platens is given by the following equation (DeRuntz and Hodge 1963), 
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where ³0 is the yield strength of the tube, t, L, D and ˢ are the thickness, length, diameter and 
displacement of the tube, respectively. Therefore, for example, for D=0.1, the crushing load of P13 are 
0.92kN and 0.60kN, respectively, for the inner and outer tubes. The result for sandwich tube is 3.03kN, 
which improves the crush strength sharply, as well as the energy absorption.  
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Figure 2: Force per unit length-Dimensionless displacement curves for some sandwich tubes 
Figure 3: Progressive Collapse of (a) P10, (b)G10 (experiment and simulation)  
4.2. Collapse Patterns 
The plastic deformation phase is of great importance in energy dissipation capacity of a sandwich tube. 
The deformation features would be further classified. For different configurations of specimens, three 
kinds of crushing patterns exhibited during the plastic collapse phase.  
Generally, for an effective sandwich tube structure, three components tended to Deform Simultaneously 
(DS pattern). The foam core did not crush severely in this period. Typical progressive collapses are 
illustrated in Figure 3 and the matching load-displacement curves are plotted in Figure 4 for P10 and G10. 
Good correspondence of specimen P10 was achieved between the experimental and numerical predicted 
deformations, while the experimental results of specimen G10 appeared a little larger than the numerical 
ones. The reason was that tangential slippage existed in the lower region of foam, which made the foam 
thicker and broadened the contact area of the outer tubes during the experiments, as shown in Figure 4b. 
For some cases, especially when the foam was thick, ductile fracture occurred during the Plastic Collapse 
phase (crush pattern ), as indicated in ɛ
Figure 5. Fractures could be clearly observed on the bottom of foam core at the displacement of 20 mm in 
P13 and G13. It is worthy noting that similar phenomenon also emerged in foam-filled tube (Hall et al. 
2002). Overall, the agreement between experimental data and numerical results is very satisfactory for 
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P13, shown in Figure 6a. The same deviation occurred again for the glued case, which was that the 
average crush load in simulation curve of G13 is lower than the experimental data, as plotted in Figure 6b.  
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Figure 4. Load-displacement curves of (a) P10, (b) G10 
Figure 5: Progressive Collapse of (a) P13, (b) G13 (experiment and simulation)  
Considering three components of the sandwich tube, the outer tube and core always deformed 
simultaneously. However, in some cases, the inner tube did not deform at the beginning of the plastic 
collapse phase and visible deformation occurred only after metallic foam deforming near the compression 
plate for a certain amount. It shows a Sequential Crushing Pattern for sandwich tubes (SCP, crushing 
pattern ). Typical deformation processes are illustrated in ɜ
Figure 7. Crush pattern  occurred for specimens G07 and G15. Because of the nonɜ -uniformity of the 
aluminium foam core, non-symmetric deformations were detected for this kind of crushing pattern.  
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Figure 6: Load-displacement curves of (a) P13, (b) G13. 
Figure 7: Progressive Collapse of (a) P15, (b) G15 (experiment and simulation) 
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Figure 8: Load-displacement curves of (a) P15, (b) G15 
The plastic collapse phase can be further divided into two separate phases for this pattern, namely Outer 
tube deformation accompanied Core (OC) crushing phase and Outer tube, Core and Inner tube (OCI) 
deformation phase, as illustrated in Figure 7. The corresponding load-deflection curves are shown in 
Figure 8. In both figures, the difference between FE and experimental curves resulted from the non-
uniform distribution of foam core and the initial cracks or imperfections of metallic foam. In view of the 
limitations in simulating the foams’ fractures, crack rupture and adhesive failures, the numerical results 
seemed more symmetric compared with experimental observations.  
5. Conclusion  
Present results demonstrate the advantage of sandwich tube, which has already been shown in the axial 
direction. The deformation behavior of sandwich tubes under quasi-static lateral crushing was studied 
experimentally first. Three major collapse patterns were clearly observed, i.e. simultaneous collapse 
pattern, simultaneous collapse pattern with facture of the foam core and sequential collapse pattern. The 
experiments results were simulated by ABAQUS/Explicit. Details and results from numerical attempts 
were also reported. Good agreements between both results were achieved. The initial foam core crack, 
non-uniform distribution of metallic foam, simulation of foam failures or crack rupture and adhesive 
failures were rather difficult to evaluate during the numerical and experimental analysis. According to the 
tests and FEA, sandwich tube design is demonstrated to enhance the crush strength and energy absorption. 
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Research will be later focused on the dynamic response of such structures. 
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